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Studies conducted in a continuous stirred tank reactor have produced quantitative 
results on the kinetics of the Ca(OH)2 catalyzed formose reaction and its associated 
Cannizzaro effects. Combined feed molarities were varied from 5.60 M HCHO and 1.034 
M Ca(OH/:! lo one-tenth of these values. The observed autocatalytic and zero order na- 
t lire of the kinetics of the homogeneously catalyzed formaldehyde condensation reaction 
were explained hy iising rat e expressions which are analogous to Langmuir-Hinshelwood 
relafions!iips. I’rodtict decomplexing is the rate limiting step, under the conditions stud- 
ied. The rate of the formose condensation reaction at intermediate conversion levels at 
60°C is, expressed as moles of HCHO converted/min/liter of reaction,volurne, 3.15 X 
Ca(OH)2 molarity. The Cannizzaro reaction rate passes through a maximum near 50% 
conversion, then :L minimum near 90%, and then sharply increases when reactionseverity 
approaches 100yo conversion. Terminal products determined by GLC analyses are IO yo 
C,, 300/;, C ,  SOYo C ,  and 5% > Cg carbohydrate species. Product distributionsatinter- 
mediate conversion levels are provided. 

INTRODUCTIOK 
The forniose reaction, or self-condensation 

of formaldehyde by alkaline catalysts to 
a complex carbohydrate mixture, was first 
reported by Butlerow ( I )  in 1861. Since that 
time there has been intermittent research on 
the reaction, primarily to identify and char- 
acterize various components of the product 
mixture. More recentiy, investigations have 
centered on increasing the selectivity of the 
reaction to lower molecular weight (CZ-C,] 
compounds and their reduction to polyols. 
It is to this end and to a more fundamental 
and quantitative knowledge of the formose 
reaction that this research has been directed. 

A study of formose chemistry can be 
broken down into four major divisions: the 
initiaI condensation reaction of formalde- 
hyde with itself, later aldol-type condensa- 

3x? 

tions, the Cannizzaro reaction, and isomeri- 
zation of the hydroxy aldehydes and ketones 
formed. 

Glycolaldehyde (CH20HCHO) has been 
reported (2)  to  be the primary condensation 
product. Katschmann (3) accounts for the 
autocatalytic nature of the reaction by pro- 
posing that the primary condensation to 
glycolaldehyde is slow compared to later 
condensation reactions. Franzen and Ilauck 
(4) isolated several metallic salts of formal- 
dehyde and studied the possibility of their 
being an intermediate in the condensation of 
formaldehyde to sugars. They suggest a re- 
action of the type: 
Ca(OH):! + ~ C H Z ( O H ) ~  e 

Ca(OCH20H)2 + 2Hz0, (1) 

where methylene glycol, the major form of 
monomeric formaldehyde in aqueous solu- 
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tion, is complexed by C'a(0Fl ) r ~ .  111 very dilute 
solutiolis of formaldehyde they suggest for- 
mation of :t salt of the type HOCH20CaOH. 
It is their conclusion that two salt molecules 
of this type coriderise to form complexed 
glycolddetlytte and (::$(OH),. 
"I ~ o c l i ~ o ~ ~ : l o ~ i  -+ 

OH 
I 

HOCHzCH - OCnOH + Ca(0H)z (2) 

They also suggest that further condensa- 
tions of this type lead to formose sugars. 
I3dezin (S) similarly proposes that com- 
plexed ( ':i(OH)2 plays an essential role 
ill the condensation mechanism. Kuziri 
(6) hnis conducted experiments which indi- 
cate that saccharates of bivalent metals, 
eg., c>dcium fructosate, are indeed the 
catalytic species for formaldehyde con- 
densation. Xuzin also notes that polpis such 
as glycerol and mannitol have no catalytic 
influence. Other catalysts than Ca(0H)Z are 
possible, and the reader is recommended to 
studies by Gutsche et al. (7) on pyridine 
bases :ind to work by Langenbeck (8) on 
hcnzoyl carbinols. Berl and Feaze1 (9) show 
that NaOH is a catalyst for glyceraldehyde 
condensation, and Pfeil and Schroth (10) 
provide results on formaldehyde condensa- 
tion with dihydroxyacetone cocatalyst using 
other monovalent bases, such as LiOH and 
TlOH. Divalent bases are evidently not a 
prerequisite for the formose reaction to 
proceed. BresIow ( 1 2 )  notes that TlOH is 
a good catalyst for formaldehyde in the 
absence of cocatalyst, but KaOH and LiOH 
effect mainly the Cannizzaro reaction. 

Several authors have studied intermediate 
aldol-type condensations as part of the form- 
ose reaction sequence. Pfeil and Ruckert 
(I.%'), in batch studies, showed that glycolal- 
dehyde reacted with itself to yield hexoses 
and tetroses and with formaldehyde to yield 
CB, G, Cs, and trace C6 products. Glyceralde- 
hyde reacted with itself and dihydroxy- 
:~cetonc reacted with itself to produce hex- 
oses. Glyceraldehyde and glycolaldehyde 
condensed to give pentoses. Erythrose and 
formaldehyde ais0 yielded pentoses. Signifi- 
cantly, pentoses and hexoses did not react 
with formaldehyde at a measurable rate. This 
norireactivity is probably due to formation of 

stable furanose and pyranose ring structures. 
Berl and Feaze1 (9) have studied in greater 
detail the self-condensation of glyceralde- 
hyde in alkaIine solution and the effects of 
dihydroxyacetone on glyceraldehyde con- 
densation. D-Glyceraldehyde condensed Tith 
itself to give D-fructose and D-sorbose almost 
exclusively. Dihydroxyacetone was noted to 
have a catalytic effect on the glyceralde- 
hyde condensation, while dihydroxyacetone 
condensed with itself to give a branched 
chain compound in 45yo yield, Frost and 
Pearson ( I S )  have discussed the mechanism 
of glyceraldehyde condensation. Ionization 
of glyceraldehyde: 

CHO CHO 
I I 
! I 
CHzOH CH2OH 

OH- + H-&OH = - C O R  + H,O (3) 

is the rate determining step, followed by 
a proton shift to give the carbanion of 
dihydroxyacetone. 

CHO -CH(OH) 
I I 

I I 
CHzOH CHIOH 

(4) -C-OH= C=O 

(These proton shifts account for the isomeri- 
zation observed in the formose system.) 
This carbanion then reacts with glyceralde- 
hyde to give the oxyanion of the ketohexose. 

-CH(OH) CHO CHzOH 
I I I 

C=O i - H - C - O H ~  6 0  (5) 
I I 
CHzOH H-COH 

I 
CHzOH 

I 
H-GO- 

I 
H-&OH 

I 
CHzOH 

March (14) also considers this mechanism 
relevant for all types of base catalyzed aldol 
condensations, and it has been used most 
recently by Gutsche et al. (7), who also 
report dendroketose forniation. 

In  addition to aldol-type condensations, 
the Cannizzaro reaction also occurs in the 
fonnose system. The Cannizzaro reaction is 
the simultaneous oxidation and reduction of 
two aldehyde groups by hydroxyl ion. The 
Cannizzaro reaction of formaldehyde with 

bas the following stoichiometry: 
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Aldose coridepsation products of the formose 
rcactien can also undergo the Cannizzaro 
r(?:wtion, e-g., gIycoIaIdehyde: 

Ih-ttiermore, cross-Cannizzaro reaction may 
occur where two dissimilar aldehydes are 
oxitiizcd and reduced. Cross Cannizzaro re- 
actioii may prove useful in reducing aldose 
condensation products of the formose 
reaction. 

Several mechanisms have been proposed 
for the Chnnizzaro reaction. Geissmann 
(15), in a, 1944 review of Cannizzaro litera- 
ture, presented the mechanism of Lock (16). 

I<CI€O + OH- -+ ItCH (8) 

O- 
I 
1 

OH 
O- 
I 
1 I I  
OH OH O- 

W H O  + ItCH e ItCHOCHIt (9 ) 

OH 
I 

ItCI-lrOClt + OH- F! I t C H O X  
I 

O- 

(10) 

OH 
I 
I 

0- 

ItCHyOClt -+ ItCHyOH + ItCOj- (11) 

Geissman concluded, “This mechanism atle- 
quately coordinates the well-known varia- 
tions of base-induced dismutation of alde- 
hydes into a general picture . . .” March (14) 
proposed a somewhat similar mechanism, 

(12) 

0- 

1tCIiO + OH- -+ Ii(!:II 
I 

OH 
U- 
I 
l 
0 1-1 

RCfi + ItCIIO + RCX)OH + IiCHdY ( 1 3 )  

again involving the singly charged methyl- 
ene-glycol anion. Batch experiments con- 
ducted by Ackerlof and Mitchell (17) at 60°C 
show that the kinetics of the Cannizzaro 
reaction of formaldehyde with Ca(0H)Z is 

first order with respect to Ca(OR)2. These 
studies also show that glucose is readily 
converted by the Cannizzaro reaction. 

In summary, considering the autocatalytic 
nature of the exothermic formose reaction 
and the overall complexity of the system, the 
experimental approach for obtaining valid 
kinetics is important. A system must be 
thermally stable and reproducible and ana- 
lytical data should be readily attainable on 
product composition at all conversion levels. 
Studies have previously been conducted in 
batch and plug flow reaction systems near 
complete conversion but not at intermediate 
conversion levels. The continuous stirred 
tank reactor (CSTR) was found in this study 
to be suited for both precise temperature and 
conversion control. A further advantage is 
the fact that rates are measured directly, 
facilitating the description of the kinetics of 
the system. Experiments is a CSTR by 
MacLean‘and Heinz (118) showed the feasi- 
bility of producing lower moleciilar weight 
aldoses and ketoses using lead salts as 
catalysts. 

EQUIPMENT AND OPE~~ATING I’ICOCEDUHES 
AI1 kinetic studies presented in this report 

were carried out in a CSTR. A description of 
the feed system, reactor, and monitoring 
devices follows. 

The Ca(OH)2 slurry and aqueous formal- 
dehyde solution were pumped by Colc 
Parmer Masterflex tubing pumps through 
1/32-in. and 1/16-in. Tygon tubing-, respoc- 
tively. The Ca(OH), feed rato could be 
varied from 0 to 25 cc/min, while the formal- 
dehyde rate could be varied from 0 to 125 
cc/min. The Ca(OH)2 slurry wtis fed from 
a 6-liter, magnetically stirred, Erlenmeyer 
flask equipped with a Ilrierite-Ascarite tutw 
to prevent COZ contamination. Ii’ormitlde- 
hyde was fed from a 20-liter glass reagent 
bottle. The reaction vessel was a 300-cc, 
magnetically stirred, high form pyrex beaker. 
X combination hot plate-stirrer and a 1/S- 
in. stainless steel cooling loo]) provided 
a simultaneous heating-cooling b:dlant to the 
reactor. Two 200-watt quartz immersion 
heaters on a control circuit maintained tem- 
perature stabiIity. The control circuit con- 
sisted of the immersion heaters on variacs 
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? 

operated by a Matheson Lab Stat propor- 
tional controller. The controller sensed the 
mercury level in a thermometer with 0.1OC 
tlivisions. In this way temperature could be 
controlled to &0.2"('. ,The two immersion 
ho:ztcm and :t combination pH electrode also 
scsvecl ;w thrce cylindrical hffles. 

l'he product was co~itinuously withdrawn 
from the reactor by a tuhing pump. The 
volume of fluid in the reactor could be varied 
by adjusting the height of the product 

0 0113 4 56 0 040 0.06 0 08 
0.0113 4 4 4  0 040 0 03 0 04 

0 0055 5.42 0 0'21 2 01 2.05 
0 0134 4 92 0 047 1 06 1.12 
0 0162 4.76 0 054 0 76 0.77 

0 15 

1 0 . 3 i  

withdrawal line. For these studies this unit 
was operated in the following manncl: 

The feed pumps were started and set to 
the desired control point. Fecd streams were 
then recycled to the storage reservoirs for 
30 minutes to allow the pumping rates to 
reach steady-state. Feed rates were then 
individualiy measured, the reactor filled, and 
brought to the desired temperature. A small 
amount of glyceraldehyde was then added 
to the reactor to speed attaining steady- 

, 

'TABLE 1 
EXPI.;RIM xwr.kL DATA 

. Concentrations in reactor (molesfl.) 
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state. Actually, the reaction is self-initittting ; 
no product addition is necessary, but a 
longer time period to reach steady-state is 
then required. The reactor was operated 
from ten to fifteen residence times to ensure 
steady-state conditions. To confirm that 
steady-state was attained, if duplicate con- 
secutive HCHO measurement by Na2S03 
titration (after a four-residence time period) 
W:LS had, i t  was presumed that the time 
:dlowecl to reach steady-state was sufficient. 

It1 order to he certsin that the reaction was 
tcrrninated, ssmples were taken in the fol- 
lowing manner: A known volume of 1.00 ill 
H(:l was pipetted into a 200-cc volumetric 
fl:~sl<. The amount of acid \vas always in 
cxc(ws of that required to neutralize the 
( : ~ L ( O W ) ~  catalyst in the product. The entire 
product stream was then fed into the flask 
until full. This sample \vas also timed to 
chock tho flow rate out of the reactor. A 
portion of this acidulated sample was baclc- 
titrated until neutral to thymolphthalein 
(pH 9.5) by 1.00 N NaOH. This back- 
titration provided the basis for calculation 
of Cannizzaro effects; then, this Same neu- 
tralized sample was used for the sodium 
sulfite test for formaldehyde. Another por- 
tion was adjusted to pH 4 with KaOH and 
freeze-dried for gas chromatography. . 

The remaining acidulated sample was re- 
frigerated for later use in the chromotropic 
acid test for formaldehyde. 

The C:U(OH)~ flow rate to the reactor was 
then changed and measured, the reactor 
again was allowed to come to steady-state, 
and another analysis followed. In  this way 
several experiments were performed at 
constant formaldehyde feed m f e  over a wide 
range of concentrations and formaldehyde 
conversions. Table 1 lists the experimental 
dttia obtained. 

ANALYTICAL TECHNIQUES 9 S D  
OBSERVATIONS 

Formaldehyde concentrations were deter- 
mined by two independent methods; the 
sodium sulfite and chromotropic acid tests. 

The sodium sulfite test (19) is based on 
the reaction : 

HCHO + Si404 + HLI -+ 
XsOH + CIIZ(N;LS~~)OH (14) 

and the subsequent neutralization by HC1 of 
the NaOH formed. The sodium sulfite test 
is not specific to formaldehyde, clue to inter- 
ference of lower molecular weight aldoses 
and ketoses, which are formose reaction 
intermediates. Table 2 shows the fractional 
recovery (moles of NaOH liberated/mole of 
aldose or ketose) measured for some aldoses 
and ketoses. 

TABLE 2 
SEXSITIVITY OF NaZSOa Tern 'ru S O M ~  

c \RBOHYVRITBS 

Sample size Fractional 
C'oinp:)und (g) recovery 

C;lyc*okldehyde 1.17 0.95 

0 43 0.86 
C;lyc.eraltlehyde 1.52 0 94 

I )ih ydrosywetone 1 18 0 34 
1)-.4rsbinose 3 06 0,217 
Frwtose 3 1'7 0 014 
Ikxtrose monohydrate 8 32 0 032 

Chromotropic acid (4,5-dihydroxynaph- 
thalene-2,7-disulfoniq acid) reacts with for- 
maldehyde in the presence of concentrated 
sulfuric acid a t  elevated temperatures to 
give a characteristic violet color, which can 
be monitored colorimetrically at 570 mp. The 
procedure of Bricker and Johnson (20) was 
slightly modified by consistently using a 10- 
pl aqueous sample whose formaldehyde 
molarity was between 0.03 to 0.11. Results 
specific for HCHO only were reproducible to 
within 0.5% of a full scale colorimeter 
reading. A comparison of the product anal- 
yses obtained by the sodium sulfite and 
chromotropic acid tests is shown in Fig. 1 to 
be independent of HCHO concentration, 
over the range studied. When the conversion 
level of formaldehyde calculated from the 
results of the two tests is compared, results 
are identical to within experimental error. 
Wear HCHO conversion levels of 95% (Le., 
very low HCHO concentration), some inter- 
ference with the chromotropic acid test was 
noted by a rose color ihstead of the char- 
acteristic violet color. Figure 2 shows param- 
eters of reaction selectivity to glycolalde- 
hyde on a plot comparing conversions by 
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CHO F E E D  RATE 

e 0.78 (CH,OHSfab . l  
0 0.58 
A 0.35 
v 0 15 

I 
2 3 4 5  6 

HCHO M O L A R I T Y  B Y  Na,SO, 

Yrc.. I .  Agreement in HCHO analyses of 60°C 
formose products over the entire range of concentra- 
I ions studied. 

the two methods. The agreement of the two 
tests is an indication that selectivity of the 
formose reaction to lower molecular weight 
aldoses and ketoses is minimal under the 
conditions used in this experimental study. 

111 order to analyze product distributions, 
volatile trimethyl silyl (TMS) ether deriv- 
atives of pH 4 freeze-dried reaction products 
were prepared, using Sweeley's procedure 
(Zf). This involves reacting a two to one 
volumetric mixture of hexamethyldisilazane 
(EIMDS) arid trimethylcholorosilane 
(TMCS) with the dry sample dissolved in 
pyridine. 

A 50-foot I'erltin-Elmer Support Coated 
Open Tubular (SCOT) column with OV-17 
inethyl phenyl silicone gun1 liquid phase, tis 
described by Averili (29), was used for sepa- 
ration of the TMS derivatives. Analyses 
were made using both Model SO0 and Model 
900 Perkin-Elmer gas chromatographs. The 
injector arid flame ionization detector were 
maintained at  220°C, and column tempera- 
ture was programmed linearly at 4OClmin 
from 100" to 240°C. Nitrogen carrier gas was 
wed at 4 cc/min STl'. 

Experiments where a mixture of ethylene 
glycol glycerol, erythritol arabitol, and 
mannitol were dissolved in pyridine and 

se 
n u 100 
a 

a 
0 - 
g 8 0  

B 
I- 
O 

60 

0 

> 

z 
v) 
(L 
W 

z 
0 
0 

2 OO 20 4 0  60 80  I 
I 

m 

I? 

5 20 

0 c K 0 , * 8 Q , , , , ,  

HCHO CONVERSION BY No2S0, % 
0 

FIG. 2. Agreement in HCHO analyses of 60°C 
formose products a t  various conversion levels indi- 
rates that concentrations of intermediates are 
minimal. 

silylated show that the flame ionization 
detector gave a constant response (peak 
area/gm of parent compound) for all the  
TMS ethers to within 2~10%. Table 3 is 
a comparison of relative retention time data, 
obtained in this study, Sweeley's results on 
an Se-52. column at  140"C, and Averill's 
results on the OV-17 column (linear temper- 
ature program 15O0-2O0"C at 2.5"C/min). 
Dihydrosyacetone and glyceraldehyde are 
mainly present as dimers. Mixtures of carbo- 
hydrate reference samples enabled relative 
retention times to  be established. The abso- 
lute retention time for p-glucose was 29.6 f 
0.5 minutes. 

Carbohydrate reference samples were 
also reduced to polyols by NaBH4 using 
Sweeley's procedure (except that borates 
were removed by adding large quantities of 
methanol to the reduced sample and drying 
on a rotary evaporator). The reduced sam- 
ples were then silylated and analyzed in the 
same manner as the nonreduced samples. A 
mixture of glyceraldehyde, dihydroxyace- 
tone, erj  throse, arabinose, ribose, xylose, 
fructose, galactose, glucose, and mannose was 
reduced and analyzed. The analysis showed 
that the reduction of poIyols was completely 
quantitative, in that relative areas corre- 
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T.4BLE 3 
I~ISLATIVI.: RPTICNTION 'I'ims FOR TANS DERIVATIVES 

Relative retention time 

I':irciiL OV-17 (Weiss et a?.), OV-17 (Averill), 
mnpotind 10O0-24O0C at 4"C/min 150"-200DC at 2.5"C/min SE-52 (Sweeley), 140°C 

- -  
ISt,hylene glycol 
(Xycerc )I 
Gly cohldeliyde 
G1yt:olaldehyde 
G1yc:oli~ltlehyde 
Erythrose 
I?:ryt.hrow 
KiyI i1row 
Krythri to1 
1 ) i  tiydrosyac.et,one 
Arabinose 
Lyxose 
Ribose 
Ribose 
hral)i I I I W  

I,yXoh<' 
H.it)iise 
Arabihil 
Xylitol 
itibi t ol 
Xylose 
Xylose 
IXhydrosyacetone 
fl-f?'rnot ose 
Mannose 
I h c t  ORC 

Galactose 
Glyrcraldehyde 
Sorbose 
( h l w t  ose 
Mannitol 
Mannose 
1)iilnitol 
Sorbitol 
G:Ll:L&* 
rw-Gl(Lcwse 
O-Glucohe 

0.118 
0.297 
0.355(s) 
0 370 
0.388(s) 
0.477 
0.490 

0.510 
0.574 
0.666 
0.666 
0.689 
0.697 (s) 
0.708 
0.708 
0.715 
0.737 
0 787 
0 737 
0.765 
0 813 
0.813 
0 8'23 
0.836 
0.836 
0.864(s) 
0.868 
0.894 
0.894 
0 909 
0 914 
0 0'22 
0 !)22 
0.928 
0 928 
1 000 

-h 

- 
- 

0.039a(s) 
0.044 

0.10 
0.1% 
0 14 
0 16 

0.28 
0.26 
0.27(s) 
0 32 
0 33 
0 33 
0 35 
0 46 
0 42 
0 46 
0 43 
0 54 
0 57 
0 69 
0 70 

0.076(s) 
0 48 
0.85 
0 8X 
1 21 
1 08(s) 
1.28 
1 24 
1.08 
1 .oo 
1 57 

-b 

-I 

-b 

Sweeley claims this peak is glyceraldehyde monomer. 
No peak obijerved. 

(s) = bIinor componenl. 

spontlcd to the relative sniourits of material 
that was reduced. It is possible that signifi- 
ortnt losses of ethylene glycol can result from 
the ev:iporiltion step. 

(:ST11 were analyzed hi both the reduced 

and nonreduced forms. Chromatograms for 
the series of experinients at 0.35 mole/liter/ 
nlin HCHO feed rate and at 60°C are shown 
on Fig. 3 in order of increasing Ca(OIi)2 

All reaction products produced in thc concentration (Le., reaction severity and, 
hence, conversion). The complexity of the 
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iinrctfuced products (light lines) relative to 
the reduced products (heavy lines) is 
evident. Ethylene glycol is not shown. 

I~ormddchydc conversion level has a 
tlefinite cffcct on product distribution. Most 
evident is the fact that the product obtained 
at  complete conversion is markedly different 
than that obtained at  intermediate con- 
version levels. Attempts to identify the 
rmjor components of the unreduced mixture 
have been unsuccessful to date. Since low 
molecular weight compounds form dimers 
rentlily, analyses of unreduced products give 
:L misleading picture of molecular weight 
distribution of the formose. 

The chroniatograms of reduced products 
do provide information on carbon number 

groupings, for (1, i L 1 d  higher products. 
Glycerol is the only C8 material present. 
Erythritol is the major C4 compoiient at 
high conversion levels. The C4 mateGal 
dominant a t  low conversions is unidentified; 
and it may either be threitol or a branched 
chain compound. The major C5 compounds 
a t  high conversions correspond to xylitol, 
ribitol, and arabitol, which are not separated 
in this analysis. At low conversion, the major 
Cg component is unknown. Mannitol and 
dulcitol and/or sorbitol are apparently pres- 
ent in small proportions in the Cs fraction, 
but the major C6 polyols are unidentified. 
Higher molecular weight unidentified mate- 
rial is also produced in the formose reaction. 

Fig. 4 shows the distribution by carbon 

0" 
u) 

0 z 
2. 

a 

v) 

w 
> 
a 
0 
0 

0 
I 
0 
I 
I- z 
W 
0 
E 
w 
Q 

(Y 

m 

0 
a 

I I I I I 

- REDUCED ---- UNREDUCED 

-. 
I I I 1 I 
.2 .4 .6 .a 1.0 

RETENTION TIME RELATIVE TOP-GLUCOSE 

TI(;. 3. Formove chromatograms before (light lines) and after (heavy lines) reduction. 60°C product,s a t  
w r i n g  ('oversion levels, 0.35-0.37 moles BCHO/liter/min. 
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number of the C3 and higlicr species pro- dominate a t  low conversion levcls; u t  co~ii- 
duced in the forniose reaction a t  60°C' as plete conversion, the terminal products are 
a function of formaldehyde conversion. 10% C,, 30% Cg, 55% (A, and 5% > Ca. The 
Weight percents are regarded as identical to GLC analyses also confirm the earlier conclu- 
m : i  pcrc:cnts of thc reduced chromatogmms. sion that there is little selectivity to lower 
N o  i):ir:metcrs of formaltlehyde feed rate molecular weight species at the conditions 
w e  :q)p:irent. ('3 arid C4 compounds pre- studied. 

F- 

T 

0 

c 

4 0  

16 

0 20 40 60 80 100 

0 

1 

0 2 0  40 60 00 100 
40 

1 
0 2 0  40 60 80 100 

MG#O FEED RATE 

0 0.94 
8.86 

6.35 
'9 0.15 

8 .38  (CH36H Stab.) 

A 

t A  

0 

A A 

0 20 40 60 80 100 

FIG. 4. IXhiribution o f  formose CI and higher products at 60°C (HCHO feed rates noted). 
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EXPERIMENTAL RATE COSKELATIONS 
In the series of experiments to determine 

the effect of formaldehyde and calcium hy- 
droxide concentrations on reaction rate, the 
formaldehyde feed rate was held constant 
while Ca(OH)z feed rate was altered. By 
this means, products were produced over the 
complete formaldehyde conversion range. 
I'ig. 5 shows the formaldehyde reaction rate 

1.0 

HCHO FEED R A T E  0 

0 9 (MOLE / L I T E R / M i N  1 ,a' 

COMBINED FEED Ca(OH)* M O L A R I T Y  

I ~ G .  5. Total formaldehyde conversion rate a t  
60°C us. total calcium pre5ent in system. Note 
parameters of HCHO feed rate. 

as a function of total calcium molarity at  
MI"(:. The data fit a series of parallel straight 
lines with parameters of formaldehyde feed 
rate. Of course, at  very high conversion, re- 
:Lction rate approximates feed rate, and 
linearity is lost. Fig. 5 shows that an in- 
crease in formaldehyde feed rate decreases 
the rcaction rate a t  any given total calcium 
molarity. This apparent negative order 
functionality in formaldehyde is due to 
Cannizzaro reaction of the Ca(OH)2 catalyst. 
In some cases, as much as 50% of the 
Cn(OH>, was reacted, and so, calcium salts 
that are not Ca(OH)2 and therefore not 

catalysts are included in a measurement of 
the total calcium hydroriicie fed to the 
reactor. 

Figure 6, a plot Qf formaldehyde reaction 

HCHO F E E D  R A T E  
( M O L E  / L I T E R / M I N  
o 0.94 

* 0 0.86 0.78 fCH,OHSIab.) 
A 0.35 
v 0. I5 

[ 

0 I I I '  

0 0.1 0 . 2  0.3 0 . 4  0 . 5  

PRODUCT C a ( O H ) 2  M O L A R I T Y  

FIG. 6. Total formaldehyde conversiou rat,e at 
60°C is independent of organic species concentration 
at intermediate conversion levels when plotted 
against Ca(OH)2 concentration rather than total 
ralcium concentration (HCHO feed rates noted). 

rate us. Ca(OH)2 concentration in the reactor 
(rather than its concentration in the com- 
bined feed), as determined by acid titration 
of the product, eliminated the parameters of 
formaldehyde feed rate a t  intermediate con- 
version levels. At these conversion levels, 
formaldehyde reaction rate is first order in 
Ca(OH)2 and zero order in formaldehyde and 
product concentrations, or 
formaldehyde reaction 

rate = i'c Ca(OHh, (15) 

where k = 3.5(min-') a t  60°C. 
IA order to eliminate Cannizzaro effects 

from the formaldehyde reaction rake data, 
formose reaction rate r F  was defined as [for- 
maldehyde reaction rate -4 X Ca(OH)2 
reaction rate], as determined by the stoi- 
chiometry of the Cannizzaro reaction lsee 



w 

PRODUCT Ca ( O H &  M O L A R I T Y  

lQ(i. 5. Yormose reartion rate (i.e., condensation 
reartions only) is zero order in organics and first 
order in Ca(OH)2 at 60°C at iniermediafe conversbn 
levt4s. 

Rcaction (S)]. Fig. 7 records the formose re- 
action rate as a function of Ctt(OH>, product. 
molarity. One line, independent of ,HCHO 
concentration in the reactor, fits interme- 
diate conversion level data. Note that this 
line passes through the origin. Schmalfuss 
(23), in a study of the NIgO-catalyzed for- 

ca1cul:ited from the slope of this straight 
linc. For the formose reaction a t  60°C the 
slope is 3.15 (min-') [moles HCHO/liter]/ 
[moles Ca(OH)z/liter]. A comparison of Figs. 

2 

m 5  

= t  -I 0 6  

0 7  
Jtx 
o w  

Figure 8, a plot of formose rate divided by 
Ca(OH)z concentration vs. formaldehyde 
molarity in the reactor, shows that this 
normalized rate passes through a maximum 
a t  intermediate conversion levels, as pre- 
dicted by an autocatalytic rate law. 

One series of experiments was carried out, 
at constant formaldehyde and Ca(OH)r 
feed rates while temperature was varied, t c  
determine the activation energy of the form- 
ose reaction. This series gave a set of reactior 
rate data which was lower than expected 
when compared to the rest of the experi. 

HCHO MOLARITY 

FIG. X. The autocbatalytic behavior of the formohe reartion at 60°C. 
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o 0 78 (CHIOH Stab 1 
A 0 35 

~ i i ( ~ i i t : ~ I  data. Tlic dttt;i (lo, however, show 
iritcwi:d consistency. Figure 9 is an Arrhenius 
plot of thoyc (l:Lt:t, wliich yieltlctl an activa- 
tion wiergy of lti l~(~:~ l /~nolc .  The point (X) 
rcprcsorits the prcvioi.mly mentioned 60°C 
zero ortirir rntc constant value of 3.15. 

A study of the (':~iinizz:~ro effects in the 

1 
HCHO F E E D  K A T E  

l M O L E I L 1 T E K I M I N )  
0 0 9 4  
0 O B 6  
e 0 78 (CHIOH S t a b  ) 
A 0 35 

I 
1 1  

2 4 . 6  8 
1 I O  

H C H O  C O N V E R S I O N  R A T E  ( M O L E / L I T E R / M I N  1 

I+(:. 10. The relationship between Cannixsaro 
rate and total HCHO conversion rate a t  60°C. 
HCHO feed rates indicated. 

forruoxcb reaction shows that these ctft'ccts are 
( i q ) c * i i t l m t  on form:tltIohytle conversion level. 
k'igulo 10, .;I plot of ('annizzaro rate us. for- 
inaldehytie conversion rate with parameters 
of formaldehyde feed rate, shows that 
CaIinizzaro rate passes through a maximum 
at intermediate coweraion levels, then 
:L minimum at higher levels, and finally in- 
creases sharply above 95% conversion. 
Figure 11 is a plot of In (Cannizzaro rate/ 
Ca(OH)* coneel itration) us. In (formaldehyde 
concentration) taken from both low conver- 
sion data in tlle CSTR and from Ackerlof 
and hlitchell's batch data a t  the same 60°C 
temperature. The line drawn on Fig. 11 
corresponds to a slope of unity. An approxi- 
mate first order dependency of the Canniz- 
zaro reaction rate of forinaldehyde concen- 
tration, as well as agreement of the present 
CSTIE data with earlier batch data, are 
shown on Fig. 11. 

v 

The Ca(OH)? catalyzed condeiisation of 
formaldehyde ( A1) with condensaiion prod- 
uct A, of carbon number n to produce a 
product A,+1 one carbon number higher can 
be written 

Ca(OHh 
(17) A -t A, An+t 

with equilibrium constant 
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X'W analogy to Lnngrnuir-I-lir ishelwooct type rat.c 
expressions except for a difference in sernm- I( = - Xl*h,'! 
tics-complexing-decomplexing is suhsti- where superscript e denotes the concentra- tuted for adsorption-de~orption. ~~~~~~~i~~~~ tion rat equilibriurn. Consider this overdl for the net rate of the overall have reaction as resulting from four independent been developed for each of these kinetic 

kinetic steps. - 

(Isz 

SLcp No. Afo1ec.i ilar prwess Descriptiom 
- _- 

1 A, + ctb(o1-r)? x * ~  coinplexiiig-decomplexing of formaldehyde with 
C~L(OH)I (19) 

2 A,, + Ca(OH)? ~ X ' ,  . complexiiig-decomplexing of A,, with Ca(OH)* (20) 
3 A', + A*1 e A'*+, + Ca(OH), reaction of complexed species (2 1) 
1 A*,,+I e &+I + &(OH)? decomplexiiig-complexing of product A,,+,, (22) 

wIiere A*,, represents the complexed form of steps, assuming that particular step is rate 
A, with ('a(0H)z. limiting (24, 25).  Experimentally it has 

Furthcrmore, define S as the total number been shown (4, 5)  that formaldehyde aiid 
of active sites where: condensation products such as glycolalde- 

7 k + l  
hyde, glyceraldehyde, etc., are readily com- 
plexed; there is no indication that steps 1 and 
2 are rate limiting. The relatively low activa- 
tion energy of 16 Ircal/mole might suggest, 
but certainly does not prove, that step 3, the 
condensation reaction itself, is not rate iim- 
iting. More important, there is no means of 
rationalizing zero order behavior from the 
rate expression that can be derived from 
step 3 limiting. 

Assume that step 4, the decomplexiiig 
reaction, is rate limiting 

- 

("3) 
1 

= uneomplexed (h(0H)z 

= total (la(OH)2 its determined by 
nciti titratiorl of the  product. 

+ con,plexetl organics (24) 

( 2 5 )  

The rate expression and equilibrium con- 
stant for each of thcse steps follow, where 
e,,*. is the frsction of active sites complexed 
hy A,,. 

Rate expression Equilibrium constaut 
-+ 

Kl = (261 

k4KlK2K,S[Alh~, - 
?'he overzLlI equilibrium constant for this 
.vequciice becomes 

Notc that this schcnie is in accord with the 
rwction mechariism proposed by Frazen and 
llauck (see Equation 2). These relationships 
are ohiously nothing more than a direct, 

Since complexing takes place so readily, 
K ,  >> 1 and K2 >> 1. It has been shown by us 
and also other investigators (7, 8) that the 
forniose reaction is effectively undirectional : 
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A1 + A,, -+ A,,,, (33) 

anti therefore K3 >> 1. 
Neglecting the reverse reaction (which 

v\.oulti only be important a t  extremely high 
ooiivcrsioii Icvels), Equation 32 reduces to  

c 

. (33) 
PdK JirKsSAlh,, 

KiAi + K A ,  + KiK&AiAn 
r = -. 

At, low conversion levels where A, > A,, 
tlm 

K A i  > K z L  
ill1Ct 

KiAi > KiKzK~AiAn, 
: I r l c i  

+ 
r = h+KpKorSA,,, (34) 

which implies autocatalytic behavior (Le., 
a t  low conversion, rate depends on the con- 
ceritrstion of intermediates). Furthermore, 
at intermediate conversion levels, since 
K,K2Ks > 1, the K1K2K3A1A,, term in the 
denominator of the rate expression will pre- 
domin:it4e aiiti the rate expression becomes 

c 

I’ = krS ,  (35) 

zoro order i i i  product and formaldehyde. 
This wils indeed experinlentally observed; 

ant1 the value of k., is 3.15 min-I. A t  high 
convcrsioii, a first order relationship can be 
prctlicted, since K2A,, will be the predomi- 
n:birt term. 

t 

t 

T = lilK1KarYAl. (36) 

Wt: 1i:ivc not tested this experimentally. 
Not only the behavior of the formose 

reaction, but also the behavior of the Can- 
iiizzaro reaction can be accounted for. 

A t  low formaldehyde conversion levels, 
the first ordcr dcpeudency of the Ccznnizznro 
rcnctioii on fornialdehyde and Ca(OH)z can 
he explained as follows: Consider March’s 
(14) ~nechanism for the Cannizzaro reaction 

0- 

I<C:MO + 011- d ItCH 

0 H 

rc1 I 
(371 

I 

0- 
I 

ItCH f I C C p O 2  RCOOH + RCHzO- (38) 

AH 

which has the following rate expression 
0- 

I 
I 
OH 

-rc  kci(ltCH0) (OH-) + kcz(RCH)(RCHO) = 

kci (RCHO) (OH-) + kcz(1) (RCHO), (39) 

where -rc = the rate of aldehyde conver- 
sion by the Cannizzaro reaction. A steady 
state approximation on the intermediate 
anion, I, whose rate of production = TI, is 
1’1 = kci(RCHO)(OH-) - 

kcdI)(RCHO) = 0 (40) 

O f  

(I) = ?(OH)-. (41) 

Substitution of the value of I reduces the 
Cannizzaro rate expression for aldehyde 
conversion to 

-TC = 2kci(RCHO)(OH)-. (42) 

The maximum in the Cannizzaro rate a t  
intermediate conversion levels will now be 
derived. Rewrite the Cannizzaro rate ex- 
pression for formaldehyde conversion: 

--rc = kcAkCa(O€I)?, where kc = 2kcI, (43) 

and the rate expression for the formose 
reaction [see Equation (35)] : 

’ (44) 
Aio - A1 c 

r F  = k4Ca(O€E)2 = 
7 

\\*here A? is the combined feed formaldehyde 
concentration into the reactor and r is the 
residence time. Since, at intermediate con- 
version levels for the reactions studied, 
I’F >> re, 

(45) 

That is, total formaldehyde disappearance 
can be approximatecl by the formose rate 
alone. Furthermore, define fractional con- 
version x such that 

A ,  = A?(1 - 2); (46) 
then 



Substituting these wlues into Equation (G), 
thc expression for the Cannizzaro reaction 
rate, we obtsiri 

AlUr r(. = k(.A 1U( 1 - a) - + (1 - 2.7.). (48) 
k47 

1)ificwtitiatioii gives 

( ‘ o h ~ ; l A ~ - s l o h s  

( ‘ombiiicvl feed c*oliceiitratious of forinal- 
tltdiyd~ ;tiid ( ‘:i(OIl)2 r:nigect from 0.65 to 
5.60 aiitl from 0.030 to 0.340 ill, respectiwly, 
with rcsidciice times typically 4 to 5 minutes. 
‘Tht, tcmpcrature of the kinetic study was 
fixer1 :it (XIo( :. Invcstigntions : L t  other teni- 
per:itures ~ n i t l  concrntrations are continuing. 
This particular rcwtion is so complex that it 
shoul(1 It(. expected to otwrved transitions 
to tiifferait tteliavior (particularly with 
respect to the relative magnitudes of the 
formose arid Caiinizzaro reactions and to  the 
appmmt zero order behavior at  internie- 
dintc coaversion levels) a t  conditions other 
than used here. In the present study, the 
eoiirentrittion levels of intermediates were 
nirn:Ll. 

The most serious approximation made t o  

develop the mechanism was to describe the 
reaction intermediates and products as one 
species each, A, and A,,+,. Undcubtedly, the 
formose reaction is a complex network whose 
overall behavior is a function of the COIICCII- 

trations of many iridividu:d specks. In fact, 
the formose product might be regwdcd ;is 
the c:irhohydrate andog of petroleum, in 
that i t  contains so many carbohydrates of 
varying molecular weight arid isomeric 
structure . 

The utility of the coiitinuous stirred tank 
reactor in this studjr should not be under- 
estimated. Neither reaction rate measur(’- 
ments nor samples of formose products :it 
intermediate conversioii levels have bceii 
reported before. In this respect, use of the 
( ’STR should be considered whenever a 
lionioge~ieously catalyzed reaction exhibits 
mi induction period in batch studies. 

13-e have shown that the reaction of for- 
maldehyde with Ca(OH), in a homogeneous 
aqueous system proceeds by two paths, both 
first order in Ga(0H)Z: One path is first 
order in formaldehyde, producing ( ’:uiniz- 
zaro products. The other path, producing 
formose condensation products, is siito- 
catalytic at Iow coriversiori levels and inde- 
pendent of the concentration levels of or- 
ganic reactants aiid products a t  iritermediste 
conversion levels. The zero order formose 
hehavior requires that Chnniazaro rate pass 
through n maximum a t  intermediate coti- 
version levels. This was inciecd ohserved. 

rlccomplexing” iii homogeneous 
“:ulsorption-desorption“ in heterogeneous 
systems provided a tool for explaining both 
the autocatalytic nature of the formose rc- 
action and the zero order behavior at inter- 
inet1i:ite conversion Ievel. I t  was postulated 
that. HCHO, intermedi:ttes, and products 
underwent coniplexing-decomplexing reiic- 
tions, and that reaction took placc between 
complexed HCHO arid cornpiexed iittermtt- 
cliate. Complexing-dvcomplexing c m  sctu- 
zdly he visually observed [e.g., one can watch 
Ca(OH), dissolve woll past its 60°C solu- 
bility limit of 0.016 M].  The reaction step 
proposed is in accord with mechanisms pro- 
posed by earlier investigators, but it ir: 
shown here that not the reaction step, but 

The semantic uudogy of “c 
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